Abstract: Biological filtration is widely used for deodorising in wastewater treatment plants. This technique can efficiently remove soluble odour-causing substances, but minimally affects hydrophobic odorants, such as methanethiol (MT) and dimethyl sulfide. Ethanol absorption capacity for MT (as a representative hydrophobic odorant) was studied, and the MT removal rate formula was deduced based on the principle of physical absorption. Results indicated that the MT removal rate reached 80% when the volume ratio of ethanol/water was 1:5. The phase equilibrium constant was 0.024, and the overall mass transfer coefficient was 2.55 kmol/m 2 ·h in the deodorisation tower that functioned as the physical absorption device. Examination results showed that the formula exhibited adaptability under changing working conditions. These findings provide a reference for engineering design and operation of a process for the removal of MT by ethanol absorption.
Introduction
With the development of the economy and society in developing countries, many wastewater treatment plants that were originally constructed in suburban districts gradually became surrounded by residential housing and business zones; large quantities of odour produced from wastewater treatment plants have seriously affected the surrounding environment. Therefore, controlling odour pollution from wastewater treatment plants has been one of the most pressing environmental issues in developing countries.
Odour-causing substances can be categorized into soluble odorants (such as H 2 S and NH 3 ) and hydrophobic odorants, such as methanethiol (MT) and dimethyl sulfide [1, 2] . Current work is mostly focused on the control of H 2 S and NH 3 , while there is little information about removal efficiency for hydrophobic odorants. One process may exhibit good removal performance for some odour substances, while having little effect on other odour substances [3] . For instance, biological filtration processes are extensively used for odour removal in sewage treatment plants [4, 5] , and can efficiently remove soluble odour-causing substances; however, they minimally influence hydrophobic odorants [6, 7] .
The methods for the removal of hydrophobic odorants can be divided into two categories: dry methods and wet methods. Dry methods include thermal oxidation, plasma, ultraviolet, microwave technology, etc., wherein intermediate products are present in the air and might be harmful to the environment. The products of the wet methods (such as absorption methods) are in solution, and can be controlled [8] . Wet scrubbers are economical and have high processing loads for various gases, and are widely used in deodorisation [9] . In the previous studies, the effects of MT removal by wet scrubbing process were compared using several types of solution, made of ethanol, sodium hydroxide, sodium hypochlorite, and lead acetate; accordingly, the solutions made of ethanol and lead acetate showed optimum treatment effects [10] . After absorbing, the ethanol solution could be used as a carbon source for some biological treatment processes. Further processing is often required before the reaction products of the lead acetate solution absorption method are discharged, so this process is neither economical nor environmentally friendly [11] . Findings indicate that ethanol is an ideal absorption solution.
In this research, MT served as the representative of hydrophobic odorant, ethanol was used as an absorbent, and the absorption effect on MT was investigated using a deodorisation tower model. The aims of this study are as follows:
(1) To explore the relationship between the ethanol concentration and the MT removal rate according to the principle of physical absorption, and establish the mathematical formula for MT removal by ethanol absorption. (2) To determine the kinetic parameters of the MT-ethanol absorption system.
Equipment and Methods

Deodorisation Test Device
The test device for MT absorption by ethanol is shown in Figure 1 . environment. The products of the wet methods (such as absorption methods) are in solution, and can be controlled [8] . Wet scrubbers are economical and have high processing loads for various gases, and are widely used in deodorisation [9] . In the previous studies, the effects of MT removal by wet scrubbing process were compared using several types of solution, made of ethanol, sodium hydroxide, sodium hypochlorite, and lead acetate; accordingly, the solutions made of ethanol and lead acetate showed optimum treatment effects [10] . After absorbing, the ethanol solution could be used as a carbon source for some biological treatment processes. Further processing is often required before the reaction products of the lead acetate solution absorption method are discharged, so this process is neither economical nor environmentally friendly [11] . Findings indicate that ethanol is an ideal absorption solution.
(1) To explore the relationship between the ethanol concentration and the MT removal rate according to the principle of physical absorption, and establish the mathematical formula for MT removal by ethanol absorption.
(2) To determine the kinetic parameters of the MT-ethanol absorption system.
Equipment and Methods
Deodorisation Test Device
The test device for MT absorption by ethanol is shown in Figure 1 . The main component of the test unit was the counter-current ethanol absorption tower, which was made of plexiglass tubes and possesses the following dimensions: 0.1 m inner diameter; 0.8 m packing layer height; 0.5 m upper packing layer height, which could install a sprinkler system; 1 m lower packing layer height, which could install the gas distribution system and store absorption solution; and 2.3 m total height of the absorption tower. A perforated plate was set at the bottom of the packing layer, and intake pipe was placed 0.1 m below the plate. The absorption solution The main component of the test unit was the counter-current ethanol absorption tower, which was made of plexiglass tubes and possesses the following dimensions: 0.1 m inner diameter; 0.8 m packing layer height; 0.5 m upper packing layer height, which could install a sprinkler system; 1 m lower packing layer height, which could install the gas distribution system and store absorption solution; and 2.3 m total height of the absorption tower. A perforated plate was set at the bottom of the packing layer, and intake pipe was placed 0.1 m below the plate. The absorption solution connection Environments 2016, 3, 27 3 of 10 pipe was installed 5 cm above the bottom of the absorption tower to form the circulating spray system. The size of the spray liquid tank is L × B × H = 35 cm × 17cm × 33 cm (effective depth). The ceramic pall rings were used in the ethanol absorption tower; the ring exhibits high flux, low resistance, and high separation efficiency and operating flexibility. The size of the ceramic pall ring is 25 mm × 25 mm × 3 mm (diameter × height × wall thickness). The other parts are shown in Table 1 . 
Test Methods
A predetermined amount of MT in the MT cylinder was sent to the blower inlet port by the reducing valve. MT was mixed with a large quantity of air to form a preset concentration of MT odour, which entered into the tower through the gas distribution device and discharged from the top of the tower. Absorption solution was stored in the tank and sprayed from the top of the packing layer through the water pump. Gas and absorption solution liquid were in full contact in the packed bed. An air inlet pipe and an air outlet pipe in the ethanol absorption tower were provided with a sampling port to collect the original odour and the treated gas, respectively. MT removal rate was measured using MT concentration between inlet and outlet gas.
The two main factors affecting absorption efficiency were empty bed residence time (EBRT) and water-gas ratio. The minimum EBRT of the absorption method ranged between 0.4 s to 3.0 s [12] . To highlight the advantages of the absorption method, a shorter EBRT (0.6 s) was selected. Thus, the gas intake volume was 37 m 3 /h. The optimal water-gas ratio was approximately 1 L/m 3 , according to the preliminary study [10] . The average inlet concentration of MT was controlled below 0.1 mg/m 3 , based on the monitoring data of wastewater treatment plants in Baton Rouge, Louisiana and Beijing [13, 14] . Each experiment cycle was conducted according to the following steps:
(1) Absorption solution (20 L) was prepared with a preset volume ratio of ethanol/water in the absorption solution tank. (2) The blower was operated. Mixed gas intake volume was controlled at 37 m 3 /h (intake load q G = 4700 m 3 /m 2 ·h). MT was transmitted to the blower inlet port by controlling the reducing valve to form a preset concentration of MT odour. (3) The spray pump was operated, and the absorption solution spraying volume was controlled at 40 L/h (spraying load q L = 5100 L/m 2 ·h). The water-gas ratio was equal to 1.08. (4) Concentrations of MT sampled from inlet and outlet pipes were measured under a sampling rate of 1.0 L/min after stable operation for 10-15 min. (5) Waste absorption solution with a certain amount of MT absorbed in the system was discharged after each cycle.
Analysis Methods
The removal rate of MT can be calculated as follows: where η is removal rate of MT (%); Y 1 is the content of MT in the intake port of the mixed gas (kmol MT/kmol mixed gas); and Y 2 is the content of MT in the outlet port of the mixed gas (kmol MT/kmol mixed gas).
In the absorption tower, the two following formulas could be used to calculate the packing layer height [15] , in which the difference of vapour phase molar ratio is the overall mass transfer driving force: 
Then:
X 2 = 0 is assumed for convenience because of the low concentration of MT at the entrance of the absorption solution. Equations (1), (3), and (4) were substituted into Equation (2) . Equation (5) was obtained as follows:
After finishing:
Making:
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Monitoring Methods
The amino dimethyl aniline colorimetric method was used to measure the concentration of MT, and the detection limit was set as 0.5 µg/15 mL.
A total of 10 mL of MT absorption solution was placed in a multi-hole absorbing tube, and the sample was collected by using an atmospheric sampler. After sampling, 5 mL of absorption solution in the absorbing tube was transferred to a colorimetric tube. A total of 5 mL of fresh absorption solution was added to No. 0 absorbing tube as a comparison sample. Each colorimetric tube was added with 0.5 mL of chromogenic reagent and some distilled water up to 10 mL. The solutions in the colorimetric tubes were filtered after settling for 30 min. The absorbance of filtrate was detected at a wavelength of 500 nm.
Results and Discussion
Experiment Results
Absorption solution was prepared with a preset volume ratio of ethanol/water. Each ratio was subjected to three experimental cycles, and the results are shown in Table 2 . The volume ratio of ethanol/water could be converted into the volume fraction of ethanol in the absorption solution, x. The conversion results are shown in Table 3 . The effects of different volume fractions of absorption solution on the average MT removal rates, η, are shown in Figure 2 . fractions of absorption solution on the average MT removal rates, η, are shown in Figure 2 . MT removal rate by ethanol absorption reached 80% and complied with the second class of "Emission Standards for Odour Pollutants" (GB14554-1993) when the volume fraction of the washing liquid absorption solution was 16.67% ( Figure 2 ). In comparison with the results of Raquel Lebrero-who found that the MT removal rate decreased to 47.8% when the EBRT was 7 s in the biotrickling filter [2] -the ethanol absorption method showed great advantages. The result was also better than that of the HNO3 solution alone, which has a removal efficiency of 73% [16] . Figure 2 indicates that the MT removal rate increased with increasing ethanol volume fraction in the absorption solution, but the increased value gradually decreased. When the concentration of ethanol solution reached 16.67%, the removal rate increased slowly. This phenomenon was mainly due to the concentration of the absorption solution no longer being a limiting factor in the absorption reaction when it reached a certain extent. Then, the removal rate hardly increased, although the absorption solution concentration continued to increase. The trend of the test results was in good agreement with the experimental data of other absorption experiments. Shen showed that the CO2 removal rate increased with the increase of the absorption solution concentration. However, the removal rate reached a maximum when the concentration of the absorbing solution was 2 mol/L. Afterwards, the removal rate exhibited almost no increase [17] . Couvert studied the influences of hydrogen peroxide concentration, contact time, and pH on the MT removal rate, and an increase in the hydrogen peroxide concentration could evidently lead to an increase in the MT removal level, but the removal level had a limit [18] .
Relationship between MT Removal Rate and Ethanol Volume Fraction
The parameters in Equation (7) were fitted by Graph software and data in Figure 2 , and the results are shown in Figure 3 . The fitting results were k1 = 0.057 and k2 = 2.035, and the relationship between the volume fraction of ethanol and the removal rate of MT is shown as Equation (8). MT removal rate by ethanol absorption reached 80% and complied with the second class of "Emission Standards for Odour Pollutants" (GB14554-1993) when the volume fraction of the washing liquid absorption solution was 16.67% ( Figure 2 ). In comparison with the results of Raquel Lebrero-who found that the MT removal rate decreased to 47.8% when the EBRT was 7 s in the biotrickling filter [2] -the ethanol absorption method showed great advantages. The result was also better than that of the HNO 3 solution alone, which has a removal efficiency of 73% [16] . Figure 2 indicates that the MT removal rate increased with increasing ethanol volume fraction in the absorption solution, but the increased value gradually decreased. When the concentration of ethanol solution reached 16.67%, the removal rate increased slowly. This phenomenon was mainly due to the concentration of the absorption solution no longer being a limiting factor in the absorption reaction when it reached a certain extent. Then, the removal rate hardly increased, although the absorption solution concentration continued to increase. The trend of the test results was in good agreement with the experimental data of other absorption experiments. Shen showed that the CO 2 removal rate increased with the increase of the absorption solution concentration. However, the removal rate reached a maximum when the concentration of the absorbing solution was 2 mol/L. Afterwards, the removal rate exhibited almost no increase [17] . Couvert studied the influences of hydrogen peroxide concentration, contact time, and pH on the MT removal rate, and an increase in the hydrogen peroxide concentration could evidently lead to an increase in the MT removal level, but the removal level had a limit [18] .
The parameters in Equation (7) were fitted by Graph software and data in Figure 2 , and the results are shown in Figure 3 . The fitting results were k 1 = 0.057 and k 2 = 2.035, and the relationship between the volume fraction of ethanol and the removal rate of MT is shown as Equation (8) . 
Calculation of Kinetic Parameters
The set conditions in this study were qG = 4700 m 3 /m 2 ·h, qL = 5100 L/m 2 ·h, α = 210 m 2 /m 3 , and Z = 0.8 m. Kinetic parameters m and KY were calculated using the value of k1, k2, and the following two formulas:
Mathematical Formula Deduction
qG, qL, Z, and α were variable test parameters, and the other parameters were constants; namely, k1 and k2, which could be written as: 
Calculation of Kinetic Parameters
The set conditions in this study were q G = 4700 m 3 /m 2 ·h, q L = 5100 L/m 2 ·h, α = 210 m 2 /m 3 , and Z = 0.8 m. Kinetic parameters m and K Y were calculated using the value of k 1 , k 2 , and the following two formulas:
making m = 0.024;
3.4. Mathematical Formula Deduction q G , q L , Z, and α were variable test parameters, and the other parameters were constants; namely, k 1 and k 2 , which could be written as:
k 1 and k 2 were substituted into Equation (7). The relationship of MT removal rate and the design and operation parameters of the ethanol absorption tower could be obtained as follows:
where: Packing type and packing layer height were maintained constant, and the air intake volume was controlled at 46 m 3 /h (intake load q G = 5857 m 3 /m 2 ·h), which was different from the former test. The ratio of ethanol/water and the absorption solution spraying load were changed according to the 2.2 procedure, and MT removal rate in the ethanol absorption tower was measured.
Verification Results
The test was conducted with a total of eight cycles, and the results are shown in Table 4 . Comparing Table 4 with Table 2 , the removal rate of MT decreased when the mixed gas flow increased from 37 m 3 /h to 46 m 3 /h, and when the spraying flow reduced from 40 L/h to 25 L/h, the MT removal rate decreased further. These trends agreed with the results of Shen [17] . Obviously, reducing the gas flow rate and increasing the absorbent flow rate can increase removal rate to some extent.
The ratio of ethanol to water in the absorption solution was converted into the volume fraction of ethanol in the absorption solution. Spray volume and air intake volume were converted into spray load and air intake load. Comparison of the tested removal rate and theoretical removal rate is shown in Table 5 . Table 5 shows the relative errors between the theoretical removal rate calculated by Equation (9) and the tested removal rate, which are usually less than 10%. There is reason to think that under the condition of changing inlet load of mixed gas, absorption solution spraying load, packing layer height, ethanol solution ratio in absorption solution, and packing material type, Equation (9) can accurately predict MT removal rate by ethanol absorption.
Expectation
This research provided an economical and environmentally friendly method for MT removal, and it can be expanded and applied in the following aspects:
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(ii) Waste absorption solution can be supplied as a carbon source for the odour treatment process.
For example, the two-stage biological treatment-ethanol absorption method can be used to remove the mixed odours, and ethanol in the second stage can act as a carbon source for first stage biological treatment. (iii) Waste absorption solution can be supplied as a carbon source for the sewage treatment process.
Ethanol has been widely used as a supplement to biological denitrification [19] , and the combination of ethanol absorption and biological denitrification will achieve maximum benefits.
Conclusions
This study was conducted by using a deodorisation device to achieve MT absorption with ethanol solution, providing insights into the characteristics of ethanol absorption capacity for MT. MT removal formula was deduced according to the principle of physical absorption, which could accurately calculate the MT removal rate (η) by volume fraction of ethanol (x), intake gas load (q G ), absorption solution spraying load (q L ), the height of packing layer (Z), and the effective surface area of unit packing volume (α).
The major conclusions are as follows:
(1) When the mixed gas flow was 37 m 3 /h (intake gas load q G = 4700 m 3 For absorption of MT in the ethanol solution, the MT removal rate formula could be calculated as:
and this formula could accurately predict MT removal rate through absorption by ethanol.
